This study theoretically analyzes the heat transfer effects in a 3-D
Introduction
The viscous fluid flow and heat transfer in porous medium is a topic of current research interest because of its numerous engineering, industrial and environmental applications. Such problems of flow and heat transfer through a wall-bounded porous medium in various types of ducts and channels, have been modeled using some variation of extended Darcy's equation, which describes a balance among pressure gradient, viscous transfer of momentum, linear or/and quadratic drag forces, by several researchers, e. g. Durlofsky et al. [1] , Kladias et al. [2] , Vafai et al. [3] , Nakayama et al. [4] , Nield et al. [5] , Al-Hadhrami et al. [6] , Kim et al. [7] , Nield et al. [8] , Hooman et al. [9] , and Chauhan et al. [10] .
The viscous fluid flow induced by a shearing motion of a wall in parallel-plate channel has been the subject of extensive research because of its numerous applications in many branches of science and technology. The velocity field for such flow usually serves a starting estimate for the velocity of more complex flows induced by convection and various boundary conditions. One of the fundamental fluid flow situations in porous medium and in S176 THERMAL SCIENCE, Year 2011, Vol. 15, Suppl. 2, pp. S175-S186 channels partly filled with a porous substrate, is the Couette flow. Investigation of heat transfer in such flow in the presence of a porous medium has many important industrial applications, such as in chemical reactors, heat exchangers, cooling and ceramic processing. Bhargava et al. [11] examined heat transfer effects in Couette flow of two immiscible fluids through a porous channel using Darcy extended Brinkman equation to govern the flow. Daskalakis [12] studied Couette flow through a porous medium saturated by a high Prandtl number fluid and temperature dependent viscosity. Non-Darcy Couette flow is investigated by Nakayama [13] through a porous medium filled with an inelastic non-Newtonian fluid. Chauhan et al. [14, 15] , investigated heat transfer effects in Couette flow of a compressible fluid in the presence of a naturally permeable boundary. Chauhan et al. [16] examined parallel flow convection effects on Couette flow over a highly permeable bed. Kuznetsov [17] investigated analytically heat transfer effects in Couette flow in a porous medium using Darcy extended Brinkman-Forchheimer equation of momentum. Kuznetsov [18, 19] also analyzed fluid flow and heat transfer in Couette flow in a channel partly filled with a porous medium and partly with a clear fluid. Singh [20] , Govindarajan et al. [21] , and Das et al. [22] studied 3-D Couette flow and heat transfer in parallel-plate channel.
In this research, heat transfer effects are analyzed in 3-D Couette flow of a viscous fluid through a channel partly filled with a porous medium and partly with a clear fluid. In the composite channel lower part is occupied by a porous medium bounded by a porous plate where a transverse sinusoidal injection velocity is applied, and the upper part of the channel is occupied by a clear fluid. The upper porous plate of the channel moves with a constant velocity and a constant suction velocity is applied at it. The two boundary plates of the channel are kept at constant but different temperatures. The effects of the various parameters are examined on the temperature distribution and heat transfer rate.
Formulation of the problem
We consider viscous fluid Couette flow through a channel bounded by two infinite parallel porous plates, which are maintained at constant but different temperatures. The lower stationary porous plate is maintained at a temperature 0 T , and a porous layer of thickness h, is attached to it while the upper porous plate is maintained at a temperature 1 T , and it moves at a constant distance d from the porous medium interface with constant velocity U 0 . It is also subjected to a constant suction velocity V 0 . The lower porous plate is subjected to a transverse sinusoidal injection velocity of the following form:
where e  1 is a positive modulation parameter. The surface of the porous layer is taken horizontal in x-z plane. The x-axis is taken in the flow direction and the y-axis is taken normal to the porous layer interface. Let (u, v, w, t) and (U, V, W, T) be the velocity and temperature components for the clear fluid region and porous medium region, respectively. All physical quantities are independent of x, since the channel is infinite in the x-direction. We introduce the following non-dimensional quantities: (2) where, p is the pressure in clear-fluid region, P -the pressure in porous region, r -the density, and K 0 -the permeability of the porous medium.
Using non-dimensional quantities, the governing dimensionless equations of the present problem, for flow and temperature distribution after dropping asterisks for convenience, are given by: 0 vw yz 
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where
Here, m is the viscosity, -the effective viscosity of the fluid in porous medium,
-the kinematic viscosity, f 1 -the viscosity ratio, k -the thermal conductivity, k -the effective thermal conductivity of the fluid in porous medium, f 2 -the thermal conductivity ratio, C p -the specific heat at constant pressure, Q -the heat source/sink, S -the source/sink parameter, Pr -the Prandtl number, and l is the injection parameter.
Solutions
The flow problem can be solved by the perturbation series method, for very small values of the parameter e  1. We write: Velocity and pressure distributions are obtained under the corresponding boundary conditions [23] .
Heat transfer analysis
For solving the energy eqs. (7) and (12), we write:
Substituting eqs. (15) and (16) into eqs. (7), (12) and the corresponding boundary conditions (13) , comparing the coefficients of equal powers of e on both sides, and then solving the resulting set of ordinary equations under the corresponding boundary conditions, we obtain: Figure 1 depicts the temperature distribution in the channel for different values of the Pr. On comparing the various curves in the figure, it is observed that the effect of Pr is to decrease the temperature at all points in the flow field of the composite channel. In fact, the thermal conduction, in flow field of both the regions, is lowered as we increase the value of the Pr, and there is a decrease in the molecular motion of the fluid elements, consequently the temperature falls in the channel. Figure 2 shows the effect of suction/injection parameter l on the temperature distribution in the channel. When l is very small, the temperature profile is nearly linear. As the value of l increases, more amount of fluid is pushed into the channel through the lower plate, causing a decrease in temperature at all points in the channel. Figure  3 , however, shows that the source parameter S increases the temperature in the channel at all points.
The variations in temperature profiles in the composite channel for different values of the permeability K and viscosity ratio f 1 are depicted in tab. 1 and 2, respectively. It is found that temperature increases in the composite channel at each y as the permeability K increases. Since the porous layer is highly permeable, increase in the value of K causes increase in the flow velocity and so due to friction temperature in the channel also rises. Similarly increase in the viscosity ratio parameter f 1 causes rise in the temperature in the channel. 
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Figures 4 and 5 shows the variation of the rate of heat transfer at the upper moving plate and at the porous interface. We see that the Pr is found to enhance the rate of heat transfer at the upper moving plate of the channel. So is the case with the suction/injection parameter l, where as Pr or l decreases the rate of heat transfer at the fluid-porous medium interface. Further it is noticed that heat source parameter causes decrease in the rate of heat transfer at the upper plate, while reverse effects observed at the fluid-porous medium interface. face. It is found that the rate of heat transfer increases with the increase in the value of K or f 1 at the fluid-porous interface, whereas opposite results are observed at the upper moving plate. 
Conclusions
In the present investigation, heat transfer effects in a Couette flow through a parallel-plate channel partly filled by a porous material are investigated. It is found that the effect of the Prandtl number Pr or suction parameter l is to decrease the temperature in the channel while permeability increases it. However, Pr or l or heat source parameter S increases the rate of heat transfer at the upper plate, while permeability K reduces it, and reverse effects are observed at the fluid-porous medium interface.
-dimensionless width of the porous medium 
